Letter to the Editor Acetate Oxidation by Dissimilatory Fe(III) Reducers
In a recent minireview, Nealson and Myers suggest that Shewanella putrefaciens is "clearly" capable of oxidizing acetate with the reduction of Fe(III) at "significant rates" (9) . However, their own data (8) , as well as our previous (6) and new (see below) data, do not support this conclusion.
In previous studies (6), we 5H+ + 4Fe(II). There was no consumption of the acetate produced after the lactate had been depleted, even though less than half of the Fe(III) provided had been reduced (6) . In order to further examine this metabolism, we Fig. 1C plotted to scale.
this conclusion (Fig. IA and B) . Our previous studies (6) also demonstrated that when S. putrefaciens is growing on lactate, there is a one-to-one stoichiometry of lactate consumed to acetate produced, consistent with the reacFe(III) reduction. Rather, acetate is an end product of the metabolism in this organism.
Nealson and Myers' cited published evidence for Fe(III) reduction in the presence of acetate is their Fig. 3 (replotted here [ Fig. 1C] ) in a conference proceedings (8) . In those studies, the MR-1 strain of S. putrefaciens rapidly reduced Fe(III) with lactate as the electron donor (Fig. 1C) Further perspective on the potential for S. putrefaciens to couple the oxidation of acetate to Fe(III) can be gained when its metabolism is compared directly with that of "Geobacter metallireducens" (formerly strain GS-15 [4] ) and the deep subsurface isolate strain 172 (Fig. 1D) . Both "G. metallireducens" and strain 172 have clearly been shown to oxidize acetate to carbon dioxide with the reduction of Fe(III) oxide (3, 5) . When all of the data are plotted on the same scale, it is apparent that in medium with acetate as the sole electron donor and Fe(III) oxide as the electron acceptor the rates of Fe(III) reduction by "G. metallireducens" and strain 172 are orders of magnitude faster than rates that we and Myers and Nealson have reported for S. putrefaciens under similar conditions (Fig. 1D ). Results such as these led to our suggestion (2, 6) that "G. metallireducens" and strain 172 are more appropriate than S. putrefaciens as models of acetate oxidation coupled to Fe(III) reduction in sediment environments.
On a historical note, in the first paragraph of their review, Nealson and We thank Lovley, Caccavo, Jr., and Phillips (hereafter referred to as our colleagues) for their comments regarding our recent minireview. There were two items noted by our colleagues, a historical note and the issue of significant growth on acetate. As to the historical note, we concur with our colleagues that the original discovery of dissimilatory reduction of iron should be credited to Balashova and Zavarzin (3), although the reference should be to the original publication in Russian cited below if priority is to be credited properly (3) . No studies of carbon oxidation were reported by Balashova and Zavarzin, but there seems to be little doubt that dissimilatory reduction of iron was seen, with hydrogen as the electron donor. However, it should be noted that Fe(II) inhibited the growth of the organism reported by Balashova and Zavarzin, so that in batch culture, iron reduction was, by the standards of our colleagues, "insignificant"-after 7 days, the Fe(II) concentration was just 2 mM. Our minireview dealt with carbon oxidation coupled to Mn(IV) and Fe(III) reduction, which was not discussed in the paper by Balashova and Zavarzin. As for the first reports of carbon oxidation coupled to dissimilatory iron reduction, the reference cited by Lovley et al. (8) did indeed report that GS-15 was "the first organism known to effectively couple organic matter oxidation to ferric iron reduction during growth under anaerobic conditions," but no data were presented to support this claim. In fact, it was stated that "characterization of this organism will be published separately," which it appropriately was, as cited in our minireview.
In our opinion, the discovery of the process of organic carbon oxidation coupled to iron reduction should be credited to Westlake and his collaborators (11) (12) (13) (14) , who isolated a variety of different iron reducers capable of anaerobic growth on carbon compounds, or at least to Arnold et al., (1, 2) who presented evidence for the dissimilatory iron metabolism in 1986 and 1987 by using a strain isolated by the Westlake group. Our intention in citing the three 1988 articles was simply to point out that the concept of coupling both growth and carbon oxidation to the dissimilatory reduction of either Mn(IV) or Fe(III) as electron aceptors was established by workers in several laboratories. To our knowledge, no such claims had been previously documented, although the ability of microbes to reduce both metals was well known, as discussed by Ghiorse (4) .
The second issue brought up by our colleagues is the claim that S. putrefaciens is not capable of signficant levels of Fe(III) or Mn(IV) reduction coupled to acetate oxidation. The first item to discuss is that there is simply no way that one can look at the figure presented by our colleagues and discern that any rate data useful for comparative purposes have been presented. The data are not normalized to any biological parameter (cell number, optical density, cell protein, etc.), and unless one normalizes data to biomass (and uses identical growth conditions) such a claim cannot be LETITER TO THE EDITOR 3207 made. To demand intercomparison of the four graphs shown in Fig. 1 is, in our opinion, incorrect microbiological analysis and should not be taken seriously.
Another point is that our experimental protocols are much different from those of Lovley et al. (7, 8) . Although we do not claim to have succeeded, we attempted to mimic natural environments to some degree. The environments that we study rarely have Fe(II) concentrations that exceed 100 piM, and Fe(III) rarely exceeds the 1 to 2 mM; Mn(II) is, usually, at the most 200 p,M, whereas Mn(IV) is seldom above 1 mM.
The experiments of our colleagues utilize Fe(III) levels of 50 mM or even higher; this is not necessarily wrong, but is not relevant to the environments that we study.
Numbers of viable bacteria are also not particularly high; the highest number of S. putrefaciens isolates that we have detected in the natural environment is only on the order of 1 x 105 to 5 x 105 per ml (10) . We also tried to keep the temperature within limits of what we have observed in our lake studies, where the water occasionally reaches temperatures of 20 to 25°C. We agree that if the concentrations of cells and substrates were raised and the temperature was raised to 30°C, then we might see what our colleagues refer to as "significant" rates. However, until the data are normalized to some common parameter, there is no ground for argument.
Along these lines, it should be noted that, under our experimental conditions (similar to those used by Balashova and Zavarzin [3] ), we have never seen a "significant" rate according to the standards of our colleagues, no matter what carbon source was used! Their claim that the experiments shown in Fig. 1B were similar to those conducted in our laboratory is incorrect; for Lovley's experiments, no cell numbers were reported for the inoculum, the substrate [Fe(III)] levels were at least 50-fold higher, and the temperature was 30°C, rather than the 23°C that was characteristic of our experiments. Lovley and colleagues also conducted the S. putrefaciens experiments in a medium that was devised for GS-15 and is vastly different in composition from the one that we use.
The final point of discussion relates to what "significant rates" are. In our opinion, until the natural conditions are understood and optimized, any rate of metabolism that supports growth is significant. If the environmental cell concentration is 105 per ml for S. putrefaciens, then the rates per cell that we have reported for MR-1 are sufficient to explain the flux of reduced Mn(II) out of the sediments in Oneida Lake, N.Y., one of the most active Mn-reducing environments known. While this may not give us millimoles per liter per day as shown in our colleagues' graphs, it certainly is "significant" with regard to these organisms and to the environment in which they reside. In none of the environments we have studied do the fluxes of iron or manganese approximate the high rates observed in our colleagues' experiments.
We are now focusing on rates of iron, manganese, and thiosulfate dissimilation per cell (or per some parameter that can be normalized) during metabolism of different carbon compounds (5) . We have also taken the approach that the entire genus cannot be represented by one or two strains. As was reported by Westlake and his colleages (11) (12) (13) (14) and other workers, there is a wide diversity of carbon sources utilized by these organisms; we have found this to be true under both aerobic and anaerobic conditions (5) . Our data suggest that our colleagues have a valid point with regard to some strains of S. putrefaciens; they grow rather sluggishly with acetate as the sole carbon and energy source, but given other carbon sources, the ability to use acetate as an energy source is greatly enhanced. Irrespective of the results obtained with acetate, it is highly unlikely that bacteria in natural environments are exposed to only a single carbon source such as acetate.
In the meantime, if we have misled the audience by our comments regarding acetate utilization, we apologize. If it turns out that some strains of S. putrefaciens are poor acetate utilizers or "insignificant" organisms, then we will be happy to say so, but we believe that such a statement can be made only after: (i) careful laboratory studies with a variety of strains, (ii) competition experiments under controlled laboratory conditions that mimic the natural environment, and (iii) field analyses of natural populations in zones of active metal reduction. We see no need to eliminate any given group of organisms from environmental models until such data are available. We believe that the finding that S. putrefaciens are abundant in Green Bay, Wis., other lake environments, and the Black Sea suggests that they are of relevance, irrespective of the carbon source being utilized. They are obligate respiratory organisms, found in stratified suboxic or anoxic environments, where there are very few electron acceptors available. For most of these environments, the only metabolic alternative available to S. putrefaciens strains is either dissimilation of the electron acceptor or death. If the particular strain found does not utilize acetate "significantly," then perhaps the view that acetate is always the most important carbon compound needs to be reassessed.
Once again, we thank the editors for the opportunity to respond to the comments of our colleagues, and we hope that this dialog will lead to a consensus of opinion either now or in the near future.
